Bet hedging-stochastic switching between phenotypic states [1] [2] [3] is a canonical example of an evolutionary adaptation that facilitates persistence in the face of fluctuating environmental conditions. Although bet hedging is found in organisms ranging from bacteria to humans [4] [5] [6] [7] [8] [9] [10] , direct evidence for an adaptive origin of this behaviour is lacking 11 . Here we report the de novo evolution of bet hedging in experimental bacterial populations. Bacteria were subjected to an environment that continually favoured new phenotypic states. Initially, our regime drove the successive evolution of novel phenotypes by mutation and selection; however, in two (of 12) replicates this trend was broken by the evolution of bet-hedging genotypes that persisted because of rapid stochastic phenotype switching. Genome re-sequencing of one of these switching types revealed nine mutations that distinguished it from the ancestor. The final mutation was both necessary and sufficient for rapid phenotype switching; nonetheless, the evolution of bet hedging was contingent upon earlier mutations that altered the relative fitness effect of the final mutation. These findings capture the adaptive evolution of bet hedging in the simplest of organisms, and suggest that riskspreading strategies may have been among the earliest evolutionary solutions to life in fluctuating environments.
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Life exists in ever-changing environments, but surviving under fluctuating conditions poses challenges. One solution is the evolution of mechanisms that allow modulation of phenotype in response to specific environmental cues. An alternative solution is stochastic phenotype switching, a strategy based on bet hedging, rather than direct environmental sensing [4] [5] [6] [7] [8] [9] [10] . The general prediction from theory is that fluctuating selection generated by unpredictable environments can favour the evolution of bet hedging [1] [2] [3] [4] [12] [13] [14] . Under such conditions, a strategy that generates random variation in fitness-related traits among individuals within a population can enhance long-term fitness by increasing the likelihood that a subset of individuals expresses a phenotype that will be adaptive in a future environment 3, 15, 16 . However, the outcome of adaptive evolution under fluctuating selection is also shaped by factors such as the frequency of environmental change 12 , the capacity of a given population to respond to fluctuations by mutation and selection (that is, evolvability), the presence of suitable environmental cues 13 and the cost-benefit balance of different strategies 12 .
Here we report the de novo evolution of bet hedging in experimental bacterial populations. Our populations experienced repeated bouts of selection in two contrasting environments; they also experienced fluctuating selection wrought by imposition of an exclusion rule and population bottleneck. Applied at the point of transfer between environments, the exclusion rule assigned a fitness of zero to the type that was common in the current environment; imposition of the bottleneck meant that only a single phenotypically distinct type was selected from among the survivors to found the next bout of selection. The exclusion rule imposed strong selection for phenotypic innovation, whereas the bottleneck negated the cost of bet hedging-that is, the generation of types maladapted to the prevailing conditions-by eliminating competition with conspecifics. A natural analogue of this mode of fluctuating selection is imposed by the host immune system on invading microorganisms. Indeed, many pathogens have evolved bet-hedging strategies based on stochastic antigen switching 8 . When the ancestral genotype of Pseudomonas fluorescens SBW25 is grown in static broth microcosms, it rapidly diversifies into a range of niche specialist genotypes by mutation and selection, which each form distinct colonies on agar plates 17 . In contrast, diversification is constrained in shaken microcosms, which favour genotypes with an ancestral colony type 18 . We exploited the pleiotropic correlation between niche specialization and colony morphology to realize our selection regime. The expected evolutionary response was repeated evolution, fixation and extinction of genotypes with novel colony morphologies.
Twelve replicate selection lines were founded with the ancestral genotype and subjected to 16 rounds of alternating selection in static and shaken microcosms. During each round, populations were propagated by serial dilution until the emergence of cells that formed colonies with a heritable morphology different from that of their immediate ancestor. Selection for different colonies was open-ended rather than for an a priori defined morphology. Once detected, cells derived from a single individual of this new type were transferred to the opposing environment for the next round of selection ( Fig. 1a and Methods). Thus, we imposed selection for a high growth rate in static and shaken microcosms, and simultaneously fluctuating selection for colony innovation. Each lineage was associated with a cognate control line that was under stabilizing selection for the ancestral colony morphology, but otherwise treated identically (see Methods).
This selection regime indeed drove the repeated evolution of new colony morphologies. However, here we concentrate on the evolution of genotypes capable of rapid, stochastic colony-morphology switching (hereafter referred to as colony switching), which emerged in two of 12 replicates (1B 4 and 6B 4 , Supplementary Note 1). Each of these switching genotypes formed distinct translucent and opaque colonies (Fig. 1b) . Colony switching persisted in both lines for seven additional rounds of selection, after which the experiment was ended. None of the control lines gave rise to colony switching.
To obtain insight into the mechanisms by which switching types persisted, we re-imposed our selection regime on the genotype 1B 4 ( Fig. 1b) , but this time ignored the colony variants it generated through colony switching. Without exception, 1B 4 was driven to extinction by the evolution of new genotypes with novel colony morphologies, some of which did not switch (Supplementary Note 2). This shows that persistence was attributable to bet hedging-that is, the capacity to generate at high-frequency colonies that were phenotypically distinct from those selected in the previous round-rather than to an intrinsic growth rate advantage over non-switching types. This finding also draws attention to the importance of the bottleneck: in its absence,
1B
4 would have been eliminated by non-switching genotypes with faster growth rates.
The serendipitous discovery that centrifugation of 1B 4 cells resulted in two discrete fractions prompted microscopic examination (Supplementary Method 2), which revealed that 1B 4 produced both capsulated (Cap 1 ) and non-capsulated (Cap 2 ) cells (Fig. 1c) . Opaque colonies contained a higher proportion of Cap 1 cells than translucent colonies (Fig. 2a) . When cell suspensions were plated from either colony type, both gave rise to a mixture of opaque and translucent colonies; however, cell suspensions made from opaque colonies produced a higher proportion of opaque colonies than those derived from translucent colonies (Fig. 2b) . Together, this suggests that the founding cell of a colony may determine the morphology of the latter by biasing the ratio of ), we competed these two genotypes in static microcosms, the environment in which 1B 4 emerged. This indicated that 1B 4 was indeed more fit than 1A 4 (one-sample t-test, n 5 8, P 5 0.0002; Fig. 4 ). Repeated single-cell bottlenecks can drive the fixation of random deleterious mutations, causing a decline in fitness. To test if this had occurred during our experiment, we measured the fitness of all genotypes in the 1B 4 lineage relative to the original ancestor in both static and shaken microcosms (Fig. 3a) . This revealed no evidence for a decrease in fitness. Interestingly, the results indicate non-transitive fitness interactions between some consecutive genotypes (for example, 1A
4 is more fit than 1B 4 relative to 1A 0 , but less fit than 1B 4 during direct competition). Using whole-genome re-sequencing 21, 22 , the entire 6.7-megabasepair genome of 1B 4 (ref. 23 ) was analysed to unravel its mutational history. Nine mutations separating 1B 4 from the original ancestor were identified, confirmed by Sanger sequencing, and ordered by inspection of the affected loci in the preceding genotypes (Fig. 3b) . With the exception of the final mutation, all mutations involved nonsynonymous changes at loci previously demonstrated to be mutational targets in the evolution of wrinkly spreader types 18, [24] [25] [26] ( Fig. 3b) . The final mutation was a single non-synonymous nucleotide change in carB (Arg674Cys, Fig. 3b) , which encodes the large subunit of carbamoylphosphate synthetase (CarAB, EC 6.3.5.5), a central enzyme of the pyrimidine and arginine biosynthetic pathways 27 . To examine the causal connection between the carB mutation and colony switching, we introduced this mutation in the immediate ancestor (1A 4 ) by allelic replacement. The engineered genotype displayed colony switching (Fig. 3g) . Conversely, reversion of the carB mutation in 1B 4 to wild type abolished colony switching (Fig. 3h ). This demonstrates that the carB mutation is sufficient and necessary to cause stochastic colony morphology switching in 1A 4 . Although the exact mechanism of colony switching remains to be elucidated, two lines of evidence suggest that switching might be controlled epigenetically, rather than by a mutable locus 8 . First, Cap 1 and Cap 2 cells were identical at the carB locus. Second, neither transposon mutagenesis nor genome re-sequencing showed evidence of the involvement of mutable loci (Supplementary Method 1) .
If the carB mutation is the sole cause of the evolution of colony switching from 1A 4 , it must confer not only colony switching but also the requisite high fitness in static microcosms in this genetic background. To assess this, we introduced the mutant carB allele in 1A and competed the resulting genotype against 1A 4 . This showed that the carB mutation increases the fitness of 1A 4 (one-sample t-test, n 5 9, P 5 0.0013; Fig. 4) . Moreover, 1B 4 with a wild-type carB allele had a lower fitness relative to 1B 4 , confirming that the carB mutation was essential for the increased fitness of this genotype (one-sample t-test, n 5 9, P 5 0.0004; Fig. 4) . Together, these results indicate that the fitness effect of the carB mutation is sufficient to explain the emergence of 1B 4 to a detectable frequency. Colony switching was caused by a single point mutation but nonetheless took nine rounds of selection to evolve. This led us to question the importance of the previously fixed mutations 28 . To study this, one round of the evolutionary experiment was repeated from both 1A 4 and the original ancestor (1A 0 ). Colony switching evolved from 1A 4 (3 from 36 replicates), but never from the ancestral genotype (0 from 138 replicates), indicating that these genotypes differed in their capacity to give rise to colony switching (two-tailed Fisher's exact test, P 5 0.0083).
The reliance on previously fixed mutations might stem from epistatic interactions essential for the carB mutation to cause colony switching or to confer the requisite fitness benefit in static microcosms.
We distinguished between these hypotheses by introducing the carB mutation in 1A 0 . In this background it did cause colony switching (Fig. 3f) but appeared not to confer a significant fitness increase (Fig. 4) . The latter was confirmed by a direct statistical comparison with the effect of the carB mutation in 1A 4 (analysis of covariance, the larger variance of the 1A 0 data is explained by a covariate), which identified a significant epistatic interaction (analysis of deviance, F(1,16) 5 8.536, P 5 0.01), and indicated that the carB mutation is beneficial in 1A 4 but deleterious in 1A 0 (Supplementary Note 4) . We conclude that the evolutionary history of 1A 4 'set the stage' for the evolution of stochastic colony morphology switching by altering the relative fitness effect of the carB mutation.
Owing to the historical nature of the evolutionary process, the origins of most adaptive phenotypes are obscure 11 . Here we have provided a mechanistic account of the adaptive evolution of a widespread trait [4] [5] [6] [7] [8] [9] [10] . Bet hedging arose as an adaptation to fluctuating selection imposed by an exclusion rule and bottleneck, two population processes that are likely to play a key role in the evolution of stochastic phenotype switching in nature. Insight into the underlying molecular details reveals how evolution tinkered with central metabolism to generate a strategy that could reasonably-one might think-have taken tens of thousands of generations to evolve. The rapid and repeatable evolution of bet hedging during our experiment suggests it may have been among the earliest evolutionary solutions to life in variable environments, perhaps even preceding the evolution of environmentally responsive mechanisms of gene regulation.
METHODS SUMMARY
P. fluorescens SBW25 (ref. 23 ) was grown in glass microcosms containing liquid medium. During each selection round, populations were propagated by transfer of a sample to a fresh microcosm. Parallel with each transfer, populations were checked for the presence of cells that formed new colony types. Identification of a colony different from that with which the selection round had been started marked the end of a selection round. Cells from these colonies were stored, and used to found the next selection round in the opposing environment. This procedure was repeated 15 times. Control lines were continually selected in shaken microcosms and always propagated by transfer of cells from colonies of the ancestral type. Relative fitness was measured in competition assays, using colony morphology or a neutral marker 29 to distinguish genotypes, and expressed as the ratio of Malthusian parameters 30 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 1 proportion 5 0.013, 95% confidence interval 0.004-0.031) did not differ significantly. Asterisks, significant deviation from 1 (dashed line; P # 0.05, one-sample t-tests, n 5 3). Error bars, one standard deviation. b, Mutations identified by genome re-sequencing of 1B 4 and ordered through analysis of the preceding genotypes. Each round of selection caused a genetic change readily explained by existing knowledge of the genetic causes of the WS phenotype 18, [24] [25] [26] . ) and mutated carB in the original ancestor (1A 0 mut versus 1A 0 ). All fitness assays were performed in static microcosms. Values greater than 1 (dashed line) indicate a higher relative fitness of the first competitor. Key: median (horizontal lines in boxes), interquartile range (boxes), 90th and 10th percentiles (vertical bars), significant deviation from 1 (***P # 0.001, **P # 0.01; see text for statistics).
